How to get the best uniformity in the shortest time has always been a hot and difficult point in the quantitative analysis of bulk mixing process using rotating drum. With the advent of Discrete Element Method (DEM), the mixing behavior of particle material in blender has been extensively studied these years. In this paper, the reasonable rotary speeds for blending process as well as the ideal process durations of a horizontally rotating drum with internal baffles in batch mode are quantitatively determined by running simulations based on DEM software PFC3D. The particle-counting codes, developed in PFC3D built-in programming language FISH, take important roles in evaluating the corresponding effects of different process parameters, which overcomes the uncertainty of usual qualitative analysis of simulation results.
Introduction
The mixing of granular materials is an important process in many industries. How to get the best uniformity in the shortest time has always been a hot and difficult point in the quantitative analysis of bulk mixing process using rotating drum and relatively limited progress has been made in optimization of mixer design and mixing process parameters [1] . Related researches still rest upon common sense and intuition [2, 3] .
With the advent of Discrete Element Method (DEM), originally presented by Cundall and Strack [4] and improved by Cundall and Hart [5] , the mixing behavior of particle material has been extensively studied these years. DEM models the particulate system as an assembly of singular discrete and interacting particles, which provides insight into the mechanisms governing particle flow and becomes a powerful tool for optimizing mixing processes [6, 7, 8, 9, 10, 11, 12] .
A rotating drum is simple a cylinder rotating about its central axis, while the solids motion in it is very complicated [13, 14, 15] . To improve the axial mixing performance of a rotating drum, blades or baffles are often internally placed in it [16] . In this paper, based on DEM software PFC3D (demonstration version 4.0) of Itasca Consulting Group Inc, the blending speed of a horizontally rotating drum mixer with internal baffles (as shown in Fig. 1 ) in batch mode were determined. 
PFC3D Model
The term "PFC3D model" denotes the sequence of PFC3D commands that define the problem conditions for numerical solution. For simplicity, the main structure of the mixing drum is assumed to be a rigid cylinder surface, whose length is 4.82 m and diameter is 3.5m. More than 17,500 wall statements were written into the PFC3D model file to construct the internal baffles shown in Fig. 2 . Each wall is given a unique identification number id. The location of each wall is defined by four vertices and the x-, y-and z-coordinates are specified for each vertex following the keyword face.
wall id=100001 type cylinder end1 0 0 2.410 end2 0 0 -2.410 rad 1.750 1.750; wall id=100002 origin 0 0 2.410 normal 0 0 -1; wall id=100003 origin 0 0 -2.410 normal 0 0 1; The granular media consist of three batches of spherical rubberlike pellets, whose density is of 3250 kg/m3. Each batch has a mass of about 620 kg.
In PFC3D model, balls interact with other balls or walls via point contact. Forces that develop from ball-ball or ball-wall interactions act at the contact. Each contact model may consist of at least two parts: (1) a contact stiffness model; (2) a slip and separation model. PFC3D has two different stiffness models (linear springs and simplified Hertz-Mindlin), one slip model (frictional slip) built into the code [17, 18, 19] .
The default stiffness model is the linear-spring model, which is generally sufficient for most analyses. This model is invoked when the normal (spring) stiffness and shear (spring) stiffness are specified with the property command for balls and the wall command for walls. A normal stiffness value is assigned with the kn keyword, and a shear stiffness value with the ks keyword, following the property and wall commands. The units for ball stiffness are [force/displacement] (e.g., N/m). Slip between two balls, or between a ball and a wall, is prescribed in terms of a friction coefficient. The friction coefficient is specified with the friction keyword after the property command for balls and after the wall command for walls.
In this paper, following commands describe the contact constitutive behavior in the mixing drum with interal baffles:
wall property kn=1.0e6 ks=1.0e6 friction=0.6; property density=3.25e3 kn=1.0e4 ks=1.0e4 friction=0.8; Moreover, it was assumed that only gravitational force is acting during drum rotation. The PFC3D model adopted the time-step of 0.01s to run the simulation and saved results every 500 cycles, that is every 5 seconds.
Simulation Results and Discussion
The rational blending speed was planned to be selected from 2RPM, 3RPM and 4RPM. Fig. 3 demonstrates the transient granule state of 3RPM mixing process at 60s, 120s and 180s, respectively. 60s 120s 180s Taking into consideration of the efficiency of the subsequent discharging process, it is expected that the three granular media in the shadow region (shown in Fig. 4 ) should be the more the better and as evenly as possible at a given blending time. In order to determine the ideal RMP from the three options, following codes were developed in PFC3D built-in programming language FISH [17] to realize corresponding counting work. The influence of RPM on mixing effect is reflected by the data listed in Table 1 . It is evident that, in terms of efficiency and uniformity, 3RPM results in relatively optimal mixture quality. Furthermore, inferred from the data of Table 1 , it could also be noticed that the blending process should run 14~18 minutes. 40  49  49  106  80  76  89  67  64  4min  112  89  127  185  157  160  141  142  136  6min  156  151  171  249  251  229  179  170  166  8min  240  205  194  289  272  273  188  224  216  10min  240  222  239  269  266  278  190  241  235  12min  238  235  247  291  267  270  251  258  200  14min  201  232  236  266  267  271  287  269  234  16min  211  231  258  268  271  292  231  277  271  18min  223  247  260  273  276  271  243  260  286  20min  265  239  225  285  264  257  276 264 281
Conclusions
In this paper, the reasonable rotary speeds for blending process as well as the ideal process durations of a horizontally rotating drum with internal baffles in batch mode are quantitatively determined by running simulations based on DEM software PFC3D. The particle-counting codes, developed in PFC3D built-in programming language FISH, take important roles in evaluating the corresponding effects of different process parameters, which overcomes the uncertainty of usual qualitative analysis of simulation results.
